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I. INTRODUCTION 
The last few years have seen a quantum jump both in the size and accuracy of protein 

structures that can be determined by NMR (Clore and Gronenborn, 1991a). Thus it is now 
possible to determine the structures of proteins in the 15-25 kDa range at a resolution 
comparable to 2 A, resolution crystal structures (Clore and Gronenborn, 1991b). This is 
attributable to the development of three- and four-dimensional heteronuclear NMR 
techniques to circumvent problems associated with chemical shift overlap and degeneracy on 
the one hand and large linewidths on the other (see Clore and Gronenborn, 199 la,c,d, and 
Bax and Grzesiek, 1993 for reviews). In this short review, we summarize some of these 
developments and illustrate their application to the structure determination of 
interleukin-1 fl (Clore et al., 1991 a), a complex of calmodulin with a target peptide (Ikura et 
al., 1992) and a complex of the DNA binding domain of the transcription factor GATA-1 
with its cognate DNA target site (Omichinski et al., 1993). 

II. GENERAL STRATEGY FOR THE DETERMINATION OF 
T H R E E - D I M E N S I O N A L  S T R U C T U R E S  O F  L A R G E R  P R O T E I N S  A N D  

P R O T E I N  C O M P L E X E S  B Y  N M R  

The main source of geometric information used in protein structure determination lies in 
the nuclear Overhauser effect (NOE) which can be used to identify protons separated by less 

* Adapted from the Young Investigator Award Lecture presented by G. M. Clore at the Seventh Annual 
Symposium of the Protein Society (San Diego, July, 1993). A version of this lecture is also being published in Protein 
Science (vol. 3, pp. 372-390, 1994). 
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than 5 A (Ernst et al., 1987). This distance limit arises from the fact that the NOE is 
proportional to the inverse sixth power of the distance between the protons. Hence the NOE 
intensity falls off very rapidly with increasing distance between proton pairs. Despite the 
short range nature of the observed interactions, the short approximate interproton distance 
restraints derived from the NOE measurements can be highly conformationally restrictive, 
particularly when they involve residues that are far apart in the sequence but close together in 
space. 

The power of NMR over other spectroscopic techniques results from the fact that every 
proton gives rise to an individual resonance in the spectrum which can be resolved by higher 
dimensional (i.e. 2D, 3D and 4D) techniques. Bearing this in mind, the principles of structure 
determination by NMR can be summarized very simply by the scheme depicted in Fig. 1. 

Resonance Assignment I 
(a) sequential I 
Co) side chains [ 

I 

J Identification of Secondary 
~[ Structure Elements 

Iterative C~cle 

Stereospecific Assignment & 
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FIG. 1. Summary of general strategy employed to solve three-dimensional structures of macromole- 
cules by NMR. 

The first step is to obtain sequential resonance assignments using a combination of 
through-bond and through-space correlations; the second step is to obtain stereospedfic 
assignments at chiral centers and torsion angle restraints using three-bond scalar couplings 
combined with intraresidue and sequential interresidue NOE data; the third step is to 
identify through-space connectivities between protons separated by less than 5 A; and finally 
the fourth step involves calculating three-dimensional structures on the basis of the amassed 
interproton distance and torsion angle restraints using one or more of a number of 
algorithms (Havel et al., 1983; Braun, 1987; Clore and Gronenborn, 1989) such as distance 
geometry and/or simulated annealing. It is not essential to assign all the NOEs initially. 
Indeed, many may be ambiguous and several possibilities may exist for their assignments. 
Once a low resolution structure, however, has been calculated from a subset of the NOE data 



NMR determination of protein structure 155 

which can be interpreted unambiguously, it is then possible to employ iterative methods to 
resolve the vast majority of ambiguities. Consider for example an NOE cross peak which 
could be attributable to a through-space interaction between either protons A and B or 
between protons A and C. Once a low resolution structure is available it is usually possible to 
descriminate between these two possibilities. Thus, if protons A and C are significantly 
greater than 5 A apart while protons A and B are less than 5 A, apart, it is clear that the cross 
peak must arise from an NOE between protons A and B. 

The quality of an NMR protein structure determination increases as the number of 
restraints increase (Havel and Wfithrich, 1985; Clore and Gronenborn, 1991a,d; Havel, 
1991; Clore et al., 1993). This progression in coordinate precision is illustrated in Fig. 2 
which shows four generations of structures ranging from the first generation which simply 
provides a picture of the polypeptide fold with little detail to the fourth generation which is 
broadly equivalent to a 2 A, resolution X-ray structure. 
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FIG. 2. Illustration of the progressive improvement in the precision and accuracy of NMR structure 
determinations with increasing number of experimental restraints. All the structures have been 
calculated using the hybrid distance geometry-simulated annealing method, and in each case the 
NOE-derived interproton distance restraints have been grouped into three broad ranges. 1.8-2.7 A., 

1.8-3.3/k and 1.8-5.0/k, corresponding to strong, medium and weak NOEs, respectively. 
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1. Sequent ial  Resonance  Ass ignment  

Conventional sequential resonance assignment relies on 2D homonuclear ~H-1H 
correlation experiments to identify amino acid spin systems coupled with 2D ~H-1H NOE 
experiments to identify sequential connectivities along the backbone of the type 
C'H(i)-NH(i+ 1,2,3,4), NH(i) -NH(i_2)  and C'H(i)-CaH(i+3) (Wfithrich, 1986; Clore 
and Gronenborn, 1987). This methodology has been successfully applied to proteins of less 
than 100 residues. For larger proteins, the spectral complexity is such that 2D experiments no 
longer suffice, and it is essential to increase the spectral resolution by increasing the 
dimensionality of the spectra (Oschkinat et al., 1988). In some cases it is still possible to apply 
the same strategy by making use of 3D heteronuclear (~N or ~3C) edited experiments to 
increase the spectral resolution, as illustrated in Fig. 3 (Marion et al., 1989; Fesik and 
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FIG. 3. Comparison of the NH C~H/CaH region ofa  2D ~SN-edited NOESY spectrum with that of a 
single plane taken from the 3D 15N-edited NOESY spectrum, illustrating the increase in spectral 

resolution afforded by increasing the dimensionality from two to three. 

Zuiderweg, 1988, 1990; Driscoll et al., 1990a). In many cases, however, numerous 
ambiguities still remain and it is advisable to adopt a sequential assignment strategy based 
solely on well defined heteronuclear scalar couplings (Montelione and Wagner, 1989, 1990; 
Ikura et al., 1990; Clore and Gronenborn, 1991c; Bax and Grzesiek, 1993). The double and 
triple resonance experiments that we currently use together with the correlations that they 
demonstrate, are summarized in Table 1. With the advent of pulsed field gradients to 
eliminate undesired coherence transfer pathways (Bax and Pochapsky, 1992), as opposed to 
selecting desired coherence transfer pathways (Hurd and John, 1991; Vuister et al., 1991 ), it is 
now possible to employ only two step phase-cycles without any loss in sensitivity (other than 
that due to the reduction in measurement time) such that each 3D experiment can be 
recorded in as little as 7 hr. In most cases, however, signal-to-noise requirements necessitate 
1-3 days measuring time depending on the experiment. 

2. Stereospecif ic Ass ignments  and Torsion Angle  Restraints  

It is often possible to obtain stereospecific assignments offl-methylene protons on the basis 
of a qualitative interpretation of the homonuclear aj~p coupling constants and the 
intraresidue NOE data involving the NH, C~H and CPH protons (Wagner et al., 1987; 
Hyberts et al., 1987). A more rigorous approach, which also permits one to obtain 4, ~, and 
Z1 restraints as well involves the application of a conformational grid search of ~b,~P,Z1 space 
on the basis of the homonuclear 3JHN ' and 3j~ coupling constants (which are related to ~b and 
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TABLE 1. SUMMARY OF CORRELATIONS OBSERVED IN THE 3D DOUBLE AND TRIPLE RESONANCE EXPERIMENTS USED 
FOR SEQUENTIAL AND SIDE CHAIN ASSIGNMENTS IN OUR LABORATORY 

Experiment Correlation J Coupling* 

1 ~N-edited HOHAHA C'H(i)-I~N(i)-NH(i) 

HNHA 
H(CA)NH 

HNCA 

HN(CO)CA 
HNCO 
HCACO 
HCA(CO)N 
CBCA(CO)NH 
CBCANH 

HBHA(CO)NH 
HBHANH 

C(CO)NH 
H(CCO)NH 
HCCH-COSY 
HCCH TOCSY 

C~H(i) -15N(i)-NH(i) 
C'H(i) -1 ~N(i)-NH(i) 
C~H(i) -15N(i)-NH(i) 
C'H(i - 1 )_15N(i)_NH (i) 
13C~(i) 15N(i)_NH(i ) 
13C~(i - 1 )15N(i)_NH(i ) 
13C~(i_ 1 )_15N(i)_NH(i ) 
13CO(i- 1)-15N(i)-NH(i) 
C'H(0 -13C=(i)-13CO(i) 
C~H(i)-A3C~'(i)-lSN(i+ 1) 
13C~(i- 1)/13C~(i- 1)-t 5N(i)-NH(i) 
13C~(i)/13C~(i)_A 5N(i)__NH(i ) 
13Ct~(i- I)/13Ca(i- 1)-15N(i)-NH(i) 
COH(i- 1 )/C~H(i - 1 )_1SN (i)_NH(i) 
CaH(i)/C'H(i) -~ ~N(i)-NH(i) 
CaH(i - 1 )/C'H(i- 1 )_15N(i)-NH(i) 
13CJ(i -- 1 )-~ ~N(i)-NH(i) 
H2(i - 1)-~ ~N(i)-NH(i) 
HJ_I 3CJ_13C J± ~_ni± 
HL13CJ...A3CJ± ~_HJ±. 

3JHN ~ 
3JHN ~ and 3j,p 
3JHN a 
1JNc a 
2JNc ~ 
1JNC~ 
2JNc:~ 
1JNc o and lJc~co 
I JNCO 
1Jc~co 
IJc,co and tJNc o 
1Jc,co, 1Jsc o and iJcc 
1JNc , and aJcc 
2JNc ~ and 1Jcc 
1Jc,co, IJNc o and lJcc 
lJyc, and 1Jcc 
ZJNc , and IJcc 
1Jc,co, lJyco and 1Jcc 
1Jc,co, lJNc o and lJcc 
lJcc 
1Jcc 

*In addition to the couplings indicated, all the experiments make use of the 1Jca (~ 140 Hz) and/or IJNH 
( ~ 95 Hz) couplings. The values of the couplings employed are as follows: 3JnN ~ ~ 3--10 Hz, 1Jcc ~ 35 HZ, 1Jc~co 

~55 HZ, IJNc o ~ 15 HZ, IJNc ~ ~11 Hz, 2JNc ~ ~7 Hz. 

Zx, respectively) and the intraresidue and sequential ( i_  1) interresidue NOEs involving the 
NH,  C~H and CPH protons (Giintert et al., 1989; Nilges et al., 1990). This information can be 
supplemented by the measurement of heteronuclear 3JNH/~ and 3Jcon~ couplings which are 
also related to 7~x (Vuister et al., 1994). Stereospecific assignment of valine methyl groups can 
be made on the basis of 3Jc~,co, 3JNc. ~ couplings (Vuister et al., 1994), as well as on the basis of 
the pattern ofintraresidue NOEs involving the NH,  C~H and C;'H protons (Zuiderweg et al., 
1985). Finally, stereospecific assignments of leucine methyl groups can be made on the basis 
of heteronuclear 3Jc~c~ and 3Jc~np couplings (Vuister et al., 1994) in combination with the 
pattern ofintraresidue NOEs,  provided that the stereospecific assignment of the fl-methylene 
protons and the Z~ rotamer have been previously determined (Powers et al., 1993). 

3. Assignment of  Through-Space Proton-Proton Interactions Within a Protein 

While the panoply of 3D heteronuclear experiments is sufficient for the purposes of 
spectral assignment, yet further increases in resolution are required for the reliable 
identification of NOE through-space interactions. This can be achieved by extending the 
dimensionality still further to four dimensions (Kay et al., 1990). This is illustrated in Fig. 4. 
Consider a simple 2D spectrum demonstrating 11 cross peaks from aliphatic resonances to a 
single NH resonance position. In the 2D spectrum it is impossible to ascertain whether this 
involves one NH proton or many. Extending the spectrum to 3D by separating the NOE 
interactions according to the 15N chemical shift of the nitrogen attached to each amide 
proton reveals that there are three NH protons involved. The identity of the originating 
aliphatic protons, however, is only specified by their proton chemical shifts. Yet the extent of 
spectral overlap in the aliphatic region of the spectrum vastly exceeds that in the amide 
region. This can be resolved by adding a further dimension in which each plane of the 3D 
spectrum now constitutes a cube in the 4D spectrum edited by the 13C shift of the carbon 
atom attached to each aliphatic proton. In this manner, each ~H-XH NOE interaction is 
specified by four chemical shift coordinates, the two protons giving rise to the NOE and the 
heavy atoms to which they are attached. The resolving power of 4D heteronuclear-edited 
NOE spectroscopy is illustrated in Fig. 5. 

Because the number of NOE interactions present in each 2D plane of a 4D ~3C/X 5N or 
tac/13C-edited NOESY spectrum is so small, the inherent resolution in a 4D spectrum is 
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FIG. 4. Schematic illustration of the progression and relationship between 2D, 3D and 4D 
heteronuclear-edited NMR spectroscopy. 

extremely high, despite the low level of digitization. Indeed, spectra with equivalent 
resolution can be recorded at magnetic field strengths considerably lower than 600 MHz, 
although this would obviously lead to a reduction in sensitivity. Further, it can be calculated 
that 4D spectra with virtual lack of resonance overlap and good sensitivity can be obtained 
on proteins with as many as 400 residues. Thus, once complete tH, ~ SN and ~ 3C assignments 
are obtained, analysis of 4D 15N/13C (Kay et al., 1990) and 13C/13C (Clore et al., 1991b; 
Zuiderweg et al., 1991; Vuister et al., 1993) edited NOE spectra should permit the automated 
assignment of almost all NOE interactions. 

III.  A P P L I C A T I O N  OF 3D A N D 4 D  NMR TO P R O T E I N  S T R U C T U R E  
D E T E R M I N A T I O N  OF LARGER P R O T E I N S :  THE S T R U C T U R E  OF 

I N T E R L E U K I N - l f l  

While the potential of heteronuclear 3D and 4D NMR methods in resolving problems 
associated with both extensive resonance overlap and large linewidths is obvious, how does 
this new approach fare in practice? In this regard it should be borne in mind that resonance 
assignments are only a means to an end, and the true test of multidimensional NMR lies in 
examining its success in solving the problem for which it was originally designed to tackle, 
namely the determination of high resolution three-dimensional structures of larger proteins 
in solution. 

The first successful demonstration of these new methods was the determination of the high 
resolution solution structure of interleukin-lfl (IL-lfl), a cytokine of 153 residues and 
molecular weight 17.4 kDa, which plays a key role in the immune and inflammatory 
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responses  (Clore  et  al., 1991a). At  the t ime I L - l f l  was 50% larger,  in terms of number  of 
residues,  than  the previous ly  largest  p ro te in  s t ructures  solved by N M R ,  namely  h u m a n  
( F o r m a n - K a y  et al., 1991) and  E. coil (Dyson  et al., 1990) th io redox in  which have 105 and  
108 residues,  respectively.  Moreove r ,  IL-  1/3 still represents  one of the most  highly refined and 
precise s t ructures  for p ro te ins  of  this size resolved by N M R .  

Despi te  extensive analysis  of  2D spect ra  ob ta ined  at  different p H  values and tempera tures ,  
as well as examina t i on  of  2D spect ra  of  m u t a n t  prote ins ,  it d id  not  prove  feasible to ob ta in  
u n a m b i g u o u s  1H ass ignment  for more  than  a b o u t  30% of the residues of in te r leukin- l f l  
(Driscol l  et al., 1990a). Thus ,  any  further  progress  could  only  be m a d e  by resor t ing  to higher  
d imens iona l i ty  he te ronuc lear  N M R .  The  ini t ial  step involved the comple te  ass ignment  of the 
1H, ~ SN and  13C resonances  of  the b a c k b o n e  and side chains  using many  of the doub le  and  
t r iple  resonance  3D exper iments  l isted in Table  1 (Driscoll  et al., 1990a,b; Clore  e t a / . ,  
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1990a). In the second step backbone and side chain torsion angle restraints, as well as 
stereospecific assignments for fl-methylene protons, were obtained by means of a three- 
dimensional systematic grid search of ~,~,Z1 space (Nilges et al., 1990). In the third step, 
approximate interproton distance restraints between nonadjacent residues were derived 
from analysis of 3D and 4D heteronuclear-edited NOE spectra. Analysis of the 3D 
heteronuclear-edited NOE spectra alone was sufficient to derive a low resolution structure 
on the basis of a small number of NOEs involving solely NH, C~H and CPH protons (Clore et 
al., 1990b). However, further progress using 3D NMR was severely hindered by the 
numerous ambiguities still present in these spectra, in particular for NOEs arising from the 
large number of aliphatic protons. Thus, the 4D heteronuclear-edited NOE spectra proved 
to be absolutely essential for the successful completion of this task. In addition, the proximity 
of backbone NH protons to bound structural water molecules was ascertained from a 
3DXSN-separated ROESY spectrum which permits one to distinguish specific protein-water 
NOE interactions from chemical exchange with bulk solvent (Clore et al., 1990c). In this 
regard it should be emphasized that all the NOE data were interpreted in as conservative a 
manner as possible, and were simply classified into three distance ranges, 1.8 2.7 A, 
1.8-3.3 A and 1.8-5.0 A corresponding to strong, medium and weak intensity NOEs. 

With an initial set of experimental restraints in hand, 3D structure calculations were 
initiated using the hybrid distance geometry-dynamical simulated annealing method (Nilges 
et al., 1988a). A key aspect of the overall strategy lies in the use of an iterative approach 
whereby the experimental data is reexamined in the light of the initial set of calculated 
structures in order to resolve ambiguities in NOE assignments, to obtain more stereospecific 
assignments (e.g. the or-methylene protons of glycine and the methyl groups of valine and 
leucine) and torsion angle restraints, and to assign backbone hydrogen bonds associated 
with slowly exchanging NH protons as well as with bound water molecules. The iterative 
cycle comes to an end when all the experimental data have been interpreted. 

The final experimental data set for interleukin-1 fl comprised a total of 3146 approximate 
and loose experimental restraints made up of 2780 distance and 366 torsion angle restraints 
(Clore et al., 1991a). This represents an average of ~ 21 experimental restraints per residue. If 
one takes into account that interresidue NOEs affect two residues, while intraresidue NOE 
and torsion angle restraints only affect individual residues, the average number of restraints 
influencing the conformation of each residue is approximately 33. Superpositions of the 
backbone atoms and selected side chains for 32 independently calculated structures are 
shown in Figs 6B and D. All 32 structures satisfy the experimental restraints within their 
specified errors, display very small deviations from idealized covalent geometry, and have 
good nonbonded contacts. It can be seen that both the backbone as well as ordered side 
chains are exceptionally well-defined. Indeed, the atomic rms distribution about the mean 
coordinate positions is 0.4 A for the backbone atoms, 0.8 A for all atoms, and 0.5 A for side 
chains with _< 40% of their surface (relative to that in a tripeptide GIy-X-Gly) accessible to 
solvent (Clore et al., 1991a). 

The structure of interleukin-1// itself resembles a tetrahedron and displays three-fold 
internal pseudo-symmetry. There are 12/?-strands arranged in an exclusively antiparallel 
//-structure, and six of the strands form a/?-barrel (seen in the front of Fig. 6A) which is closed 
off at the back of the molecule by the other six strands. Each repeating topological unit is 
composed of 5 strands arranged in an antiparallel manner with respect to each other, and one 
of these units is shown in Fig. 6C. Water molecules occupy very similar positions in all three 
topological units, as well as at the interface of the three units, and are involved in bridging 
backbone hydrogen bonds. Thus, in the case of the topological unit shown in Fig. 6C, the 
water molecule labeled W5 accepts a hydrogen bond from the NH of Phe-112 in strand IX 
and donates two hydrogen bonds to the backbone carbonyls of Ile-122 in strand X and 
Thr-144 in strand XII. The packing of some internal residues with respect to one another, as 
well as the excellent definition of internal side chains is illustrated in Fig. 6D. Because of the 
high resolution of the interleukin-1// structure it was possible to analyze in detail side 
chain-side chain interactions involved in stabilizing the structure. In addition, examina- 
tion of the structure in the light of mutational data permitted us to propose the 
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presence of three distinct sites involved in the binding of interleukin-1//to its cell surface 
receptor (Clore et al., 1991a). 

IV. COMBINING EXPERIMENTAL INFORMATION FROM CRYSTAL AND 
SOLUTION STUDIES: JOINT X-RAY AND NMR REFINEMENT 

It is clear from the preceding discussion that NMR is a valid method, alongside X-ray 
crystallography, for determining high resolution structures of small to medium sized proteins 
of less than about 35 kDa. Interleukin-1//offers an ideal system for comparing the results of 
NMR and X-ray crystallography as, in addition to the solution structure, there are three 
independently solved X-ray structures at 2 ,~ resolution of the same crystal form (Finzel et 
al., 1989; Priestle et al., 1989; Veerapandian et al., 1992). The backbone atomic rms 
difference between the NMR and the X-ray structures is about 1/~ with the largest 
differences being confined to some of the loops and turns connecting the//-strands (Clore and 
Gronenborn, 1991 b). Interestingly, however, the atomic rms distribution of the 32 calculated 
solution structures about their mean coordinate positions ( ~ 0.4 A for the backbone atoms, 
~ 0.8 ,~ for all atoms and ~ 0.5 ~ for all atoms of internal residues) is approximately the 
same as the atomic rms differences between the three X-ray structures, indicating that the 
positional errors in the atomic coordinates determined by the two methods are similar (Clore 
and Gronenborn, 1991b). Upon initial inspection, the X-ray structures appear to be 
incompatible with the NMR data, as manifested by a relatively large number of NOE and 
torsion angle violations and conversely, the NMR structure fits the X-ray data poorly with 
an R-factor of 40-50%. Because of the very different nature of the two methods, it is not 
immediately apparent that these discrepancies reflect genuine differences between the 
solution and crystal structures or whether they reflect differences in the computational 
procedures employed. To analyze this in more detail we have developed a new method of 
structure determination in which the NMR and X-ray data are combined and used 
simultaneously in the structure refinement (Shaanan et al., 1992). Using this approach we 
have shown that a model can readily be generated from a joint NMR/X-ray refinement which 
is compatible with the data from both techniques. Thus, there are only minimal violations of 
the NMR restraints (NOEs and torsion angles), the value of the crystallographic R-factor is 
comparable to, if not better than that derived from refinement against the crystallographic 
data alone, and the deviations from idealized covalent geometry are small. In addition the R 
free (Brfinger, 1992), for the model refined with the NMR and X-ray restraints, is smaller 
than that of the model obtained by conventional crystallographic refinement, indicating that 
the crystallographic phases obtained by the joint NMR/X-ray refinement are more accurate. 
Moreover, the few NMR observations that are still violated by the model serve as an 
indicator for genuine differences between the crystal and solution structures. 

The implications of the joint NMR/X-ray refinement method to structural biology are of 
considerable significance. In particular, the full potential and future use of the method will be 
for structure determinations of multidomain proteins, for which only low resolution X-ray 
data for the entire protein are available but for which detailed structural information may be 
obtained by NMR on the individual domains. Using the joint X-ray/NMR refinement 
approach in such cases will open the way to the study of proteins which may otherwise never 
be structurally accessible by either of the two methods alone. 

V. STRUCTURE DETERMINATION OF PROTEIN-PEPTIDE AND 
PROTEIN-DNA COMPLEXES 

Providing the ligand (e.g. a peptide, an oligonudeotide, a drug, etc.) presents a relatively 
simple spectrum that can be assigned by 2D methods, the most convenient strategy for 
dealing with protein-ligand complexes involves one in which the protein is labeled with t 5 N 
and ~3C and the ligand is unlabeled (i.e. at natural isotopic abundance) (Ikura and Bax, 
1992). It is then possible to use a combination of heteronuclear filtering and editing to design 
experiments in which correlations involving only protein resonances, only ligand 
resonances, or only through-space interactions between ligand and protein are observed. 
These experiments are summarized in Table 2 and were first applied successfully to a 
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complex of calmodulin with a target peptide from skeletal muscle myosin light chain kinase 
(Ikura et al., 1992), and subsequently to the specific complex of the DNA binding domain of 
the transcription factor GATA-1 with its cognate DNA target site (Omichinski et a l., 1993). 

1. The Structure of  the Calmodulin-Target Peptide Complex 

Calmodulin (CAM) is a ubiquitous Ca 2 + binding protein of 148 residues which is involved 
in a wide range of cellular Ca 2+-dependent signaling pathways, thereby regulating the 
activity of a large number of proteins (Cohen and Klee, 1988). The crystal structure of 
Ca2+-CaM had been solved a number of years ago (Babu et at., 1985). It is a dumb-bell 
shaped molecule with an overall length of ,-~ 65 A consisting of two globular domains, each of 
which contains two Ca 2 + binding sites of the helix-loop-helix type, connected by a long, 
solvent exposed, rigid central helix some eight turns in length (residues 66-92). In solution, 
on the other hand, 1H-15N NMR relaxation measurements have demonstrated unambi- 
guously that the central helix is disrupted near its mid-point with residues 78-81 adopting an 
essentially unstructured "random coil" conformation which is so flexible that the N- and 
C-terminal domains of Ca 2 +-CAM effectively tumble independently of each other (Barbato 
et al., 1992). Thus, in solution, the so-called "central helix" is not a helix at all but is a "flexible 
tether" whose purpose is to keep the two domains in close proximity for binding to their 
target. 

In order to understand the way in which Ca 2 +-CAM recognizes its target sites, we set out 
to solve, in collaboration with Ad Bax, the solution structure of a complex of Ca 2 +-CAM 
with a 26 residue peptide (known as M13) comprising residues 577-602 of the calmodulin 
binding domain of skeletal muscle myosin light chain kinase. The solution structure was 
determined on the basis of 1995 experimental NMR restraints including 133 interproton 
distance restraints between the peptide and the protein. The N- (residues 1-5) and C- 
(residues 147-148) termini of CaM, the tether connecting the two domains of CaM (residues 
74-82), and the N- (residues 1-2) and C-termini (residues 22-26) of M 13 were ill-defined by 
the NMR data and appear to be disordered in solution. The atomic rms distribution about 
the mean coordinate positions for the rest of the structure (i.e. residues 6-73 and 83-146 of 
CaM and residues 3-21 of M13) is 1.0 A for the backbone atoms and 1.4 A for all atoms. 
Thus this structure represents a second generation structure in the classification of Clore and 
Gronenborn (1991a). A stereoview showing a best fit superposition of the 24 calculated 
structures is shown in Fig. 7a. 

The major conformational change in Ca 2 +-CAM that occurs upon binding M 13 involves 
an extension of the flexible tether (residues 78-81) in the middle of the "central" helix of the 
solution structure of free Ca 2 +-CAM to a long flexible loop extending from residues 74-81, 
flanked by two helices (residues 65-73 and 83-93), thereby enabling the two domains to come 
together gripping the peptide rather like two hands capturing a rope. The hydrophobic 
channel formed by the two domains is complementary in shape to that of the peptide helix. 
This is clearly illustrated by the schematic ribbon drawings shown in Figs 7b and c which 
also serve to highlight the approximate two-fold pseudo-symmetry of the complex. Thus, 
whereas the two domains of CaM are arranged in an approximately orthogonal manner to 
each other in the crystal structure of Ca 2 +-CAM (Babu et al., 1985), in the Ca 2 +-CaM-M 13 
complex they are almost symmetrically related by a 180 ° rotation about a two-fold axis. A 
large conformational change also occurs in the M13 peptide upon complexation from a 
random coil state to a well-defined helical conformation. Indeed, the helix involves all the 

FIG. 6. (opposite) Solution structure ofinterleukin-lfl determined by 3D and 4D heteronuclear NMR 
spectroscopy. (A) Ribbon diagram of the polypeptide fold. (B) Superposition of the backbone 
(N, C ~, C) atoms of 32 simulated annealing structures calculated from the experimental NMR data. 
(C) Superposition of the backbone (N, C ~, C, O) atoms of one of the three repeating topological units, 
illustrating the position of tightly bound water at the interface of the three central strands of the unit. 
(D) Superposition of all atoms (excluding protons) for selected side chains. The diagram in (A) was 
made with the program MOLSCRIPT (Kraulis, 1991 ). The coordinates are from Clore et al. (1991a). 

(PDB accession code 6IIB.) 

JPB 62:2-D 



164 G . M .  CLORE and A. M. GRONENBORN 

TABLE 2. SUMMARY OF HETERONUCLEAR-FILTERED AND -EDITED NOE EXPERIMENTS USED TO STUDY 
PROTE1N-LIGAND COMPLEXES COMPRISING A UNIFORMLY 15N/13C LABELED PROTEIN AND AN UNLABELED LIGAND 

Type of contact Connectivity 

A. lntramolecular protein contacts 
4D 13C/13C-edited NOE in D20 
4D ~SNflaC-edited NOE in H20  
3D lSNflSN-edited NOE in H20 

B. Intramolecular ligand contacts 
2D 12C,14N(F1)/12C,14N(F2) filtered NOE in H20 

2D 12C(FI)/12C(F2) filtered NOE in D20* 

C. Intermolecular protein-ligand contacts 
3D 15N-edited(Fi)/14N,12C(F3) filtered NOE in H20 

3D 13C.edited(F 1 )/~ 2C(F3) filtered NOE in D20 

H(j) -13C(j k . . . . .  H( i~  13C(i) 
H(j}-15N(j)- . . . . . . . .  H(i)- 13C(i) 
H(j)-I 5N(/)- . . . . .  H(i~15N(i) 

Hq)J 2C(j)- . . . . . .  H(i~I2C(i) 
H0")-14N(j)- . . . . . . .  H(iV12C(i) 
H(j)-12C(/'? . . . . . . .  H(i)-14N(i) 
Hq)-~4N(/") . . . . . . . .  H(i}-I'*N(i) 
H(j)-I 2C(j? . . . . . .  H(i?12C(i) 

H(/')-I 5N(j~ . . . . . . . .  H(i712C(i) 
H(j)-I 5N(j)- . . . . . .  H(i)-14N(i) 
H(j)-I 3C{j)- . . . . .  H(i)-12C(i) 

*Similar heteronuclear filtered 2D correlation and Har tmann-Hahn spectra can also be recorded to assign the 
spin systems of the ligand. 

residues (3-21) of M13 that interact with CaM, while the N- (residues 1-2) and C- (residues 
22-26) termini of the peptide, which do not interact with CaM, remain disordered. 

Upon complexation there is a decrease in the accessible surface area of CaM and M 13 of 
1848 and 1477 ,~2, respectively, which corresponds to a decrease in the calculated solvation 
free energy of folding (Eisenberg and McLaghlan, 1986) of 18 and 20kcal.mo1-1, 
respectively. This large decrease in solvation free energy would account for the very tight 
binding (Kas s ,-~ 109 M- 1) of M 13 to calmodulin. In addition, the accessible surface area of the 
portion of M 13 (residues 3-21) in direct contact with CaM in the complex is only 494 A2 
compared to an accessible surface area of 3123 A2 for a random coil and 2250 A z for a helix. 
Thus, over 80% of the surface of the peptide in contact with CaM is buried. 

In the view shown in Fig. 7b, the roof of the channel is formed by helices II (residues 29-38) 
and VI (residues 102-111) of the N- and C-terminal domains, respectively, which run 
antiparallel to each other; and the floor is formed by the flexible loop (residues 74-82) 
connecting the two domains and by helix VIII (residues 138-146) of the C-terminal domain. 
The front of the channel in Fig. 7b and the left wall of the channel in Fig. 7c is formed by 
helices I (residues 7-19) and IV (residues 65-73) and the mini-antiparallel fl-sheet comprising 
residues 26-28 and 62-64), all from the N-terminal domain; the back of the channel in 
Fig. 7b and the right wall of the channel in Fig. 7c is formed by helices V (residues 83-93) and 
VIII (residues 138-146) and the mini-antiparallel fl-sheet comprising residues 99-101 and 
135-137, all from the C-terminal domain. The two domains of CaM are staggered with a 
small degree of overlap such that the hydrophobic face of the N-terminal domain mainly 
contacts the C-terminal half of the M 13 peptide, while the C-terminal domain principally 
interacts with the N-terminal half of M13 (Fig. 7b). 

The overall Ca 2 ÷-CaM-M 13 complex has a compact globular shape approximating to an 
ellipsoid with dimensions 47 x 32 x 30 ,~. The helical M13 peptide passes through the center 
of the ellipsoid at an angle of ,,~45 ° to its long axis. By way of contrast the approximate 
dimensions of the Ca2+-CaM X-ray structure are 65 x 30 x 30 .~ (Babu et al., 1985). In 
addition, the calculated radius of gyration for Ca2+-CaM-M13 is ---17 A which is 
completely consistent with the decrease in the radius of gyration from ~21 to ~ / 6  A 
observed by both small angle X-ray and neutron scattering upon complexation of 
Ca2+-CaM with M13 (Heidorn et al., 1989). 

The Ca 2 +-CaM-M 13 complex is stabilized by numerous hydrophobic interactions which 
are summarized in Fig. 8. Particularly striking are the interactions ofTrp- 4 and Phe- ~ 7 of the 
peptide which serve to anchor the N- and C-terminal halves of MI3 to the C-terminal and 
N-terminal hydrophobic patches of CaM, respectively (Fig. 7c). These interactions also 
involve a large number of methionine residues which are unusually abundant in CaM, in 



FiG. 7. Solution structure of the Ca 2+ CaM MI3 peptide complex determined by 3D and 4D 
heteronuclear NMR spectroscopy. (a) Superposition of the backbone (N, C ", C) atoms of 24 
simulated annealing structures calculated from the experimental NMR data; the N- and C-terminal 
domains of calmodulin are shown in blue and red, respectively, and the M 13 peptide is in green; the 
restrained regularized average structure is highlighted, tb) and (c) Two orthogonal views of a 
schematic ribbon drawing representation of the structure with the N- and C-terminal domains of 
CaM in blue and purple, respectively, the M 13 peptide in yellow, the hydrophobic side chains of the 
protein in red, and Trp 4, Phe 8, Val ~1 and Phe 17 side chains of the peptide in green. The diagrams in 
(b) and (c) were generated with the program VISP (de Castro and Edelstein, 1992). The coordinates 

are from Ikura et  al. (1992). (PDB accession code IBBM.) 
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FIG. 8. Summary of residue pairs for which intermolecular NOEs between CaM and M13 are 
observed. CaM residues involved in hydrophobic interactions are boxed. Also included are potential 
electrostatic interactions between negatively charged Glu residues of CaM (shown in parentheses) 

and positively charged Lys and Arg residues of M 13. 

particular four methionines in the C-terminal domain (Met -t°9, Met -124, Met -144 and 
Met- 145) and three methionines in the N-terminal domain (Met -36, Met -51 and Met-V1). As 
methionine is an unbranched hydrophobic residue extending over four heavy atoms (C p, C ~', 
S~, C~), the abundance of methionines can generate a hydrophobic surface whose detailed 
topology is readily adjusted by minor changes in side chain conformation, thereby providing 
a mechanism to accommodate and recognize different bound peptides (O'Neil and 
DeGrado, 1990). 

In addition to hydrophobic interactions, there are a number of possible electrostatic 
interactions that can be deduced from the calculated NMR structures. Putative interactions 
exist between the Arg and Lys residues of M 13 and the Glu residues of CaM, and these are 
also included in Fig. 8. Glu -11 and Glu J4 in helix I are within 5 A of Lys -5 and Lys -6 ofM 13; 
Glu -83, Glu -84 and Glu -s7 in helix V of CaM are close to Lys J9, Arg -t6 and Lys J8, 
respectively, of M13; and Glu J27 in helix VII of CaM is close to Arg J3 of M13. 

The solution structure of the Ca I +-CaM-M 13 complex explains a number of interesting 
observations. Studies of backbone amide exchange behavior have shown that upon 
complexation with M13, the amide exchange rates of residues 75-79 are substantially 
increased (Spera et al., 1991). Prior NMR studies on Ca 2 +-CAM indicated that the long 
central helix is already disrupted near its middle (from Asp -78 to Ser -8~) in solution (Ikura et 
al., 1991) and that large variations in the orientation of one domain relative to the other 
occur randomly with time (Barbato et al., 1992). The further disruption of the central helix 
upon complexation seen in the structure of the complex is manifested by the increased amide 
exchange rates and supports the view of the central helix serving as a flexible linker between 
the two domains. Similarly, the structure of the complex explains the finding that as many as 
four residues can be deleted from the middle of the central helix without dramatically altering 
the stability or shape of the Ca z +-CaM-M 13 complex (Persechini et al., 1989; Kataoka et 
al., 1991), as the long flexible loop connecting the two domains can readily be shortened 
without causing any alteration in the structure (cf. Fig. 7). The observation from 
photoaffinity labeling studies that the two domains of CaM interact simultaneously with 
opposite ends of the peptide such that residue 4 of the peptide (numbering for M 13) can be 
cross-linked to Met -t24 or Met -t44 of the C-terminal domain and that residue 13 of the 
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peptide can be cross-linked to Met -vl of the N-terminal domain (O'Neil et al., 1989), is 
readily explained by the structural finding that the N-terminal half of the peptide interacts 
predominantly with the C-terminal domain while the C-terminal half of the peptide interacts 
predominantly with the N-terminal domain (Figs 7 and 8). The observation that at least 17 
residues of the M13 peptide from either skeletal muscle or smooth muscle are necessary for 
high affinity binding (Lukas et al., 1986; Blumenthal and Krebs, 1987) is readily explained by 
the intimate interactions of the C-terminal hydrophobic residue (i.e. Phe -1~) with the 
N-terminal domain of CaM by which the peptide is anchored. Finally, the structure accounts 
for experiments in which cross-linking of residues 3 and 146 of CaM, mutated to Cys, has no 
effect on the activation of myosin light chain kinase, even if the central helix is cleaved 
proteolytically at Lys -vv by trypsin (Persechini and Kretsinger, 1986). Thus, while the C" 
carbons of the residues 3 and 146 are 37 A apart in the X-ray structure Ca 2+ CaM, they are 
only ~ 20 A apart in the solution structure of the Ca 2 +-CAM M 13 complex, which is close 
enough to permit cross-linking to occur. 

A large body of experimental data shows that CaM binds to numerous proteins whose 
binding domains exhibit a propensity for ~-helix formation (Cohen and Klee, 1988). A 
comparison of these sequences reveals little homology. Nevertheless, many of the very tightly 
binding peptides (Kas S > 5 x  l0 T M -1) have the common property of containing either 
aromatic residues or long chain hydrophobic residues (Leu, Ile or Val) separated by 12 
residues, as summarized in Fig. 9. In the case of M 13, these two residues are Trp -4 and Phe- 17 
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FIG. 9. Alignment of tightly binding (K ,~>5  × l0 T M - 1  ) CaM binding sequences based on the 
structural role of Trp* and Phe 1 ~ in anchoring the M13 peptide to the C- and N-terminal domains of 

CaM, respectively. 

which are exclusively in contact with the C- and N-terminal domains of CaM, respectively 
(Figs 7 and 8). Given that these two residues are involved in more hydrophobic interactions 
with CaM than any other residues of the peptide (cf. Fig. 8), it seems likely that this feature of 
the sequence can be used to align the CaM binding sequences listed in Fig. 9, thereby 
permitting one to predict their interaction with CaM. It is clear from this alignment that the 
pattern of hydrophobic and hydrophilic residues is in general comparable for the various 
peptides, suggesting that the mode of binding and the structure of the corresponding 
complexes with Ca 2 +-CAM are also likely to be similar. For example, there is, in general, 
conservation of hydrophobic residues at the positions equivalent to Phe -8 which interacts 
with the C-terminal domain and Val -l i which interacts with both domains (cf. Figs 7 and 8). 
In addition, there are no acidic residues present which would result in unfavorable 
electrostatic interactions with the negatively charged Glu residues on the surface of CaM (cJ~ 
Fig. 7). The minimum length of peptide required for high affinity binding to Ca 2 +-CAM is 
defined by the 14 residue mastaporans which comprise the two hydrophobic residues at the 
N- and C-termini (Fig. 9) and have approximately the same equilibrium association 
constant (Kay,, ~ 1-3 x 109 M -1) as M13 (Cox et  al., 1985). This structural alignment also 
predicts that a peptide stopping just short of the second hydrophobic residue of the pair (i.e. 
the residue equivalent to Phe -iv) would only bind to the C-terminal domain and that the 
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resulting complex would therefore retain the dumb-bell shape of Ca 2.+-CAM. This is exactly 
what has been observed by small angle X-ray scattering using two synthetic peptides, C24W 
and C20W (Fig. 9), comprising different portions of the CaM binding domain of the plasma 
membrane Ca 2+ pump (Kataoka et al., 1991). The complex with the C24W peptide which 
corresponds to residues 1-24 of M 13 and contains a Trp at position 4 and a Val at position 
17, has a globular shape similar to that of Ca 2 +-CaM-M13. The complex with the C20W 
peptide, on the other hand, which corresponds to residues - 4  to 16 of M13 and therefore 
lacks the C-terminal hydrophobic residue of the pair, retains the dumb-bell shape of 
Ca 2 +-CAM suggesting that the peptide only binds to the C-terminal domain. 

Thus the solution structure of the complex of Ca 2 +-CAM with M 13 reveals an unusual 
binding mode in which the target peptide is sequestrated into a hydrophobic channel formed 
by the two domains of CaM with interactions involving 19 residues of the target peptide (i.e. 
residues 3-21 of M 13). In addition, a key requirement appears to be the presence of two long 
chain hydrophobic or aromatic residues separated by 12 residues in order to anchor the 
peptide to the two domains of CaM (Fig. 7). By anology, the rope (i.e. the CaM binding 
domain of the target) has to be long enough and have two knots at each end for the two hands 
(i.e. domains) of CaM to grip it. This particular mode of binding is therefore only likely to 
occur if the CaM binding site is located either at an easily accessible C- or N-terminus or in a 
long exposed surface loop of the target protein. An example of the former is myosin light 
chain kinase and of the latter is calcineurin, and, in accordance with their location, the CaM 
binding sites are susceptible to proteolysis (Blumenthal and Krebs, 1987; Guerini and Klee, 
1991). Clearly, other types of complexes between Ca2+-CaM and its target proteins are 
possible given the inherent flexibility of the central helix. For example, in the case of the 7 
subunit of phosphorylase kinase, it appears that there are two discontinuous CaM binding 
sites which are capable of binding to Ca 2 +-CAM simultaneously (Dasgupta et al., 1989), and 
binding of a peptide derived from one of these sites causes elongation rather than contraction 
of Ca 2 +-CAM (Trewhella et al., 1990), indicating that the complex is of a quite different 
structural nature. Similarly, in the case of cyclic nucleotide phosphodiesterase (Charbon- 
neau et al., 1991) and CaM kinase II (Bennett and Kennedy, 1987), the CaM binding 
sequences do not have the same spacing of hydrophobic residues seen in M 13 and the other 
sequences listed in Fig. 13, and, in addition, CaM kinase II is not susceptible to proteolysis in 
the absence of phosphorylation (Kwiatokowski et al., 1989), suggesting that the mode of 
binding is different again. Thus, in all likelihood, the complexes of Ca 2 +-CAM with target 
peptides from skeletal and smooth muscle myosin light chain kinase represent one of a range 
of Ca 2 +-CAM binding modes achieving CaM-target protein interactions in an efficient and 
elegant manner. 

2. The Structure of the Specific Complex of the Transcription Factor GATA-1 with DNA 

The erythroid specific transcription factor GATA-1 is responsible for the regulation of 
transcription of erythroid-expressed genes and is an essential component required for the 
generation of the erythroid lineage (Orkin, 1992). GATA-1 binds specifically as a monomer 
to the asymmetric consensus target sequence (T/A) GATA (A/G) found in the cis-regulatory 
elements of all globin genes and most other erythroid specific genes that have been examined 
(Evans and Felsenfeld, 1989). GATA-1 was the first member of a family of proteins, which 
now includes regulatory proteins expressed in other cell lineages, characterized by their 
recognition of the GATA DNA sequence and by the presence of two metal binding regions of 
the form Cys-X-X-Cys-(X)lT-Cys-X-X-Cys separated by 29 residues. Mutation and 
deletion studies on GATA-1 have indicated that the N-terminal metal binding region is not 
required for specific DNA binding (Martin and Orkin, 1986), and studies with synthetic 
peptides have demonstrated conclusively that a 59 residue fragment (residues 158-216 of 
chicken GATA-1) comprising the C-terminal metal binding region complexed to zinc and 28 
residues C-terminal to the last Cys constitutes the minimal unit required for specific binding 
(/(as s ~ 1.2 x 10 s M-1) (Omichinski et al., 1992). In order to understand the mechanism of 
specific DNA recognition by GATA-1 we set out to solve the solution structure of the specific 
complex of a 66 residue fragment (residues 158-223) comprising the DNA binding domain of 
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chicken GATA-1 (cGATA-I) with a 16 base pair oligonucleotide containing the target 
sequence AGATAA, by means of multidimensional heteronuclear filtered and separated 
NMR spectroscopy (Omichinski et al., 1993). 

The structure calculations were based on a total of 1772 experimental NMR restraints, 
including 117 intermolecular interproton distance restraints between the protein and the 
DNA. A stereoview of a best-fit superposition of 30 calculated structures (residues 2 59 of the 
protein and base pairs 6-13 of the DNA) is shown in Fig. 10. The N- (residue 1) and C- 
(residues 60-66) termini of the protein are disordered. Base pairs 6-13 of the DNA are in 
contact with the cGATA-1 DNA binding domain and are well defined both locally and 
globally. The orientation, however, of the first 5 and last 3 base pairs of the DNA, which are 
not in contact with the protein, is poorly defined with respect to the core of the complex, 
although the conformation of each of these bases at a local level is reasonably well-defined. 
This is due to the fact that, in addition to their approximate nature, the interproton distance 
restraints within the DNA are solely sequential. Hence, they are inadequate to ascertain the 
relative orientation of base pairs separated by more than 5-6 steps with any great degree of 
precision and accuracy. The global conformation of the central 8 base pairs, on the other 
hand, is determined not only by the restraints within the DNA, but more importantly by the 
large number of intermolecular interproton distance restraints between the protein and 
DNA. The atomic rms distribution of the 30 SA structures about the mean coordinate 
positions for the complex proper (i.e. residues 2-59 of the protein and base pairs 6-13 of the 
DNA) is 0.70+0.13/~ and 1.13 +0.08 • for protein backbone plus DNA and all protein 
atoms plus DNA, respectively. 

The protein can be devided into two modules: the protein core which consists of residues 
2-51 and contains the zinc coordination site, and an extended C-terminal tail (residues 
52-59). 

A schematic ribbon drawing of the core is presented in Fig. 1 la. The core starts out with a 
turn (residues 2-5), followed by two short irregular antiparallel fl-sheets, a helix (residues 
28-38) and a long loop (residues 39-51 ) which includes a helical turn (residues 44-47), as well 
as an f~-like loop (residues 47-51 ). fl-Strands 1 (residues 5-7) and 2 (residues 11-14) form the 
first fl-sheet, while fl-strands 3 (residues 18-21) and 4 (residues 24-27) form the second 
fl-sheet. 

Part of the core of the cGATA-1 DNA binding domain is structurally similar to that of the 
N-terminal zinc containing module of the DNA binding domain of the glucocorticoid 
receptor (Luisi et al., 1991). Thus the C" atoms of 30 residues of these two proteins can be 
superimposed with an rms difference of only 1.4 A (Fig. 1 lb). Apart from the 4 Cys residues 
that coordinate the zinc atom, only 1 residue (Lys 36 in the cGATA-1 DNA binding domain 
and Lys 465 in the glucocorticoid receptor) is conversed between the two proteins. The 
structural similarity extends from the N-terminus up to the end of the helix (residues 3 39 of 
the cGATA-1 DNA binding domain and residues 436-468 of the glucocorticoid receptor), 
and the Zn-S ~' geometry, as well as the side chain conformations of the four coordinating 
cysteines, are identical. The loop between strands f12 and f13 has 3 deletions, and the turn 
between strands f13 and f14 has 1 deletion in the glucocorticoid receptor with respect to 
cGATA-1. The topology and polypeptide trace following the carboxy end of the helix, 
however, are entirely different in the two proteins. Thus, in the DNA binding domain of the 
glucocorticoid receptor there is a second compact zinc containing module (residues 470-514) 
made up of two strands and two helices, while in the cGATA-1 DNA binding domain there is 
a long loop (residues 38-51) and extended strand (residues 52-59). 

The overall topology and structural organization of the complex is shown in Figs 12a and 
b. The conformation of the oligonucleotide is B-type. The helix and the loop connecting 
strands f12 and f13 (which is located directly beneath the helix) are located in the major 
groove, while the C-terminal tail wraps around the DNA and lies in the minor groove, 
directly opposite the helix. The overall appearance is analogous to that of a right hand 
holding a rope, with the rope representing the DNA, the palm and fingers of the hand the core 
of the protein, and the thumb the C-terminal tail. It is this pincer like configuration of the 
protein that causes a small 10 ° kink in the DNA. The long axis of the helix lies at an angle of 



NMR determination of protein structure 171 

FIG. 10. Stereoview showing a superposition of the 30 simulated annealing structures of the specific 
complex of the DNA binding domain of cGATA-I with DNA calculated on the basis of the 
experimental NMR data derived from 3D and 4D heteronuclear NMR spectroscopy. The backbone 
(N, C ~, C) atoms of cGATA-1 are shown in red and all the nonhydrogen atoms of the DNA in blue. 
The restrained regularized mean structure of the complex is highlighted. The coordinates are from 

Omichinski et  al. (1993). (PDB accession code 1GAT.) 
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(a) 

FIG. l 1. (a) Schematic ribbon drawing of the core of the cGATA-I DNA binding domain. (b) 
Superposition of the C ~ atoms of the cGATA-I (green) and glucocorticoid receptor (red) DNA 
binding domains. The zinc and coordinating cysteines are shown in yellow for cGATA-I and in 
purple for the glucocorticoid receptor; the residues are labeled according to the numbering in 
cGATA-1. The alignment of cGATA-1 with the glucocorticoid receptor is as follows: residues 3-I 3, 
18-21,25-39 and 46 of cGATA-1 are superimposed on residues 436-446, 448451,454-468 and 490, 
respectively, of the glucocorticoid receptor with a C ~ atomic rms of 1.4 A. The diagram in (a) was 
made with the program MOLSCRIPT (Kraulis, 1991). The coordinates of the glucocorticoid 
receptor DNA binding domain shown in (b) is taken from Luisi e t  aL (1991). The cGATA-I 

coordinates are from Omichinski et  al. (1993). (PDB accession code IGAT.) 
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FIG. 12. (a) and (b). Schematic ribbon drawings illustrating the interactions ofcGATA-1 with DNA. 
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FIG. 12. (C) and (d) Side chain interactions between cGATA-I and the DNA in the major and minor 
grooves, respectively. The protein backbone is shown in green and the protein side chains in yellow: 
the color code for the DNA bases is as follows: red for A, lilac for T, dark blue for G and light blue for 
C. The diagrams were made using the program VISP (de Castro and Edels'tein, 1992), The 
coordinates of the cGATA-I-DNA complex are from Omichinski et al. (1993). (PDB accession code 

1GAT.) 
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~ 40 ° to the base planes of the DNA (Fig. 12a), while the C-terminal tail is approximately 
parallel to the base planes (Fig. 12b). 

Views of side chain contacts with the DNA in the major and minor grooves are shown in 
Figs 12c and d, respectively, while a schematic representation of all the contacts is provided 
in Fig. 13. The cGATA- 1 DNA binding domain makes specific contacts with 8 bases, 7 in the 
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FIG, 13. Schematic diagram summarizing the contacts between cGATA-I and DNA. The DNA is 
represented as a cylindrical projection. Bases interacting with the protein are shaded; phosphates are 
represented as circles; circles with hatches directed towards the right and left indicate sites of 

interaction with sugar or phosphate or both in the major and minor grooves, respectively. 
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major groove (A6, G7, A8, T25, A24, T23 and T22) and 1 in the minor groove (T9). All the 
base contacts in the major groove involve the helix and the loop connecting//-strands 2 and 
3. In contrast to other DNA binding proteins, the majority of base contacts involve 
hydrophobic interactions. Thus, Leu 17 interacts with A6, G7 and T25, Thr 16 with A24 and 
T25, Leu 33 with A24 and T23, and Leu 37 with T23 and T22. This accounts for the 
predominance of thymidines in the DNA target site. Indeed, there are only three hydrogen 
bonding interactions: namely, between the side chain of Asn 29 and the N6 atoms of A24 and 
A8 in the major groove; and between the N(H3 ÷ ofLys s7 and the 02 atom ofT9 in the minor 
groove. In this regard, it is interesting to note that there is a reduction of 1127/k 2 in the 
surface accessible area of the cGATA-1 DNA binding domain in the presence of DNA 
(corresponding to a 20% decrease in the accessible surface), and a decrease in the calculated 
solvation free energy of folding (Eisenberg and McLaghlan, 1986) of 13 kcal. mol -~. This 
latter effect can clearly make a sizeable contribution to the specific binding constant (Kas s 
.,~ 1.2 x 108 M- 1). 

The remaining contacts involve the sugar-phosphate backbone, the majority of which are 
located on the second strand (that is G20 to T27). Salt bridges and/or hydrogen bonds with 
the phosphates of G7, A24 and T22 are made by Arg ~9, Arg 47 and His 3s, respectively, in the 
major groove, and with the phosphates of C13, T25, C26 and T27 by Arg s4, Thr 53, Arg56 and 
Ser 59, respectively, in the minor groove. The interactions of Arg 54 and Arg 56 above and 
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below the polypeptide chain span the full length of the target site and are probably 
responsible for the bending of the DNA in the direction of the minor groove. Likewise, all the 
surgar contacts involve the second strand. In the major groove they are hydrophobic in 
nature, and involve contacts between the sugars of T22, T23 and A24 with Tyr 34, Leu 33 and 
Ala 3°, and Ile 51 and Thr 16, respectively. In the minor groove, hydrophobic sugar 
DNA-protein interactions are made by C13 with the aliphatic portion of the side chain of 
Arg 54, T23 and T24 with Gin 52, T25 and C26 with the aliphatic portion of the side chain of 
Arg s6, and C26 with Ser 59. In addition, there is a hydrogen bond between the side chain 
amide of Gin ~2 and the sugar 03'  atom of T23, 

The mode of specific DNA binding protein that is revealed in this structure is distinct from 
that observed for the other three classes of zinc containing DNA binding domains whose 
structures have previously been solved (Pavletich and Pabo, 1991, 1993; Luisi et al., 1991; 
Mamorstein et al., 1992; Schwabe et al., 1993; Fairall et al., 1993). Features specific to the 
complex with the DNA binding domain of cGATA-1 include the relatively small size of the 
DNA target site (8 base pairs of which only a contiguous stretch of 6 is involved in specific 
contacts), the monomeric nature of the complex in which only a single zinc binding module is 
required for specific binding, the predominance of hydrophobic interactions involved in 
specific base contacts in the major groove, the presence of a basic C-terminal tail which 
interacts with the DNA in the minor groove and constitutes a key component of specificity, 
and finally the pincer-like nature of the complex in which the core and tail subdomains are 
opposed and surround the DNA just like a hand gripping a rope. The structure of the 
cGATA-1 DNA binding domain reveals a modular design. The fold of residues 3-39 is 
similar to that of the N-terminal zinc binding module of the DNA binding domain of the 
glucocorticoid receptor, although, with the exception of the four Cys residues that 
coordinate zinc, there is no significant sequence identity between these regions of the two 
proteins. Residues 40-66 are part of a separate structural motif. In this regard it is interesting 
to note that, in addition to both zinc binding modules being encoded on separate exons in the 
cGATA-1 gene (exons 4 and 5), the next intron/exon boundary lies between amino acids 39 
and 40 (current numbering scheme) of the DNA binding domain, thereby separating the 
C-terminal zinc binding domain from the basic tail (Hannon et al., 1991). 

3. Hydration of the Specific Complex of the Transcription Factor GA TA-I with DNA 

A number of recent high resolution crystal structures of protein-DNA complexes have 
suggested that bound water may play an important role in the recognition process in the form 
of indirect read-out in which the bound water molecules serve to bridge hydrogen bonds 
between functional groups on the protein and the DNA bases (Otwinowski et al., 1989; 
Lawson and Carey, 1993; Clark et al., 1993). In addition a bound water molecule has been 
detected at the interface of the complex between the Antp(C39S) homeodomain and a 
14-base pair duplex in solution using nuclear magnetic resonance spectroscopy (Qian et al., 
1993). In contrast to other protein-DNA complexes in which the majority of specific 
interactions involve hydrogen bonds between the protein and the DNA bases, the structure 
of the specific complex of GATA-1 with DNA, as indicated in the previous section, suggests 
that hydrophobic effects constitute a large proportion of the specific binding energy 
(Omichinski et al., 1993). This would predict that water of hydration would be excluded from 
the interface between GATA- 1 and the DNA bases in the major groove, but would be present 
at the interface between GATA-I and the sugar-phosphate backbone, as well as at the 
solvent exposed surface of the protein. To test this hypothesis we carried out selective two- 
dimensional H20-NOE and H20-ROE 1H-15N and IH-13C heteronuclear single quantum 
correlation experiments (Grzesiek and Bax, 1993a,b) to detect through-space (< 4 A) 
contacts between bound water and protons of the protein, thereby identifying the location of 
bound water molecules in the specific complex of chicken GATA-1 with DNA (Clore et al., 
1994). 

A number of water molecules could be detected between the protein and the phosphate 
backbone, as well as at the solvent exposed surface of the protein. However, no water 
molecules could be observed at the interface of the protein with the bases of the DNA. With 
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FiG. 14. Stereoview of the solution structure of the specific complex ofGATA-1 and DNA, illustrating 
the location of groups in close proximity to bound water. The DNA is displayed in blue, the protein 
backbone in red, and the side chains in close proximity to bound water detected in the 
H20-ROE/NOE-HSQC experiments in green. The side chain of Leu 33 which interacts directly with 
the bases of the DNA in the major groove and is not close to bound water is shown in orange. In the 
case of Leul 7, only the surface exposed C'~2H 3 methyl group gives rise to a ROE with bound water; the 
C61H3 methyl group which interacts directly with the DNA bases is not close to bound water. The 
model is taken from the solution NMR structure of Omichinski et al. (1993) (PDB accession number 

IGAT) and was generated with the program VISP (de Castro and Edelstein, 1992). 
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only one exception, the bound water molecules have a residency time greater than 200-300 
psec. On the basis of the structure of the complex of GATA-1 with DNA (Omichinski et al., 
1993), we were able to unambiguously identify 17 methyl protons and 3 backbone NH 
protons in close proximity to bound water. The location of the protein residues near bound 
water are indicated in the structure of the complex of GATA-1 with DNA shown in Fig. 14. 

An approximate estimate of the residency times of these bound water molecules can be 
obtained from the sign of the NOE (Ernst et al., 1987; Otting et al,, 1991). Ifa water molecule 
is bound to a macromolecule with a correlation time in the spin-diffusion limit( i.e. greater 
than about 2 nsec), the NOE between water and a protein proton will be zero for a residency 
time of ~ 300 psec, while for residency times smaller and longer than 300 psec the NOE will 
be positive and negative, respectively. In contrast, the ROE remains positive for all residency 
and correlation times. The NH protons of Ala 3°, Tyr 34 and Tyr 35 and the methyl groups of 
Ala 3, Ala 3°, Met 46 and lie 51 (Tin and 6m) exhibited negative NOEs to water, indicating a 
residency time greater than about 500 psec. The methyl protons of Met 23 exhibited a positive 
NOE to water, indicative of a residency time of 100-300 psec. For the remaining surface 
methyl protons, the NOEs (at a mixing time of 60 msec) to water were too weak to observe 
and only ROEs were seen, indicating residency times in the range 200-500 psec. 

All methyl groups that are exposed to solvent are associated with bound water molecules. 
These include Ala 3, Val 6 (~;1, "/2)' LeuX7 (62 only), Met 23, Val 4° (Tx, 72), Leu44 (61, 62) and 
ValS8 (71, 7z). Bound water molecules in contact with exposed hydrophobic surfaces are 
rarely seen in protein crystal structures as the water molecules are only well ordered (high 
occupancy and low thermal factor) if the protein donates anchor points in suitable hydrogen- 
bonding positions (Jeffrey and Saenger, 1991). In the absence of hydrogen bonding, low 
occupancies and high thermal B-factors render such water molecules unobservable (Jeffrey 
and Saenger, 1991). Indeed, there is only one crystallographic example where water 
surrounding an exposed hydrophobic group has been seen in the absence of hydrogen 
bonding, namely the water pentagons surrounding Leu 18 in the 0.88 A resolution crystal 
structure of crambin (Teeter, 1984). In contrast to the crystallographic case, bound water can 
be readily detected by NMR over a very wide range of residency times (with a lower limit of 
50-100 psec) and is not eliminated by rapid independent rotation of a water pentagon 
around a rotating methyl group. Moreover, the NMR experiment is not dependent on 
uniform ordering in so far that the bound water could be in somewhat different positions in 
different molecules. In the X-ray diffraction experiment, on the other hand, bound water 
could only be detected if it occupied the same position in different protein molecules; that is 
to say there has to be uniform ordering of the bound water throughout the protein molecules 
of the crystal. Consequently, rapid rotation of a water pentagon about a methyl group, in the 
absence of discrete hopping, would result in smearing of the electron density beyond the limit 
of detectability. 

The ubiquitous presence of bound water molecules close to exposed hydrophobic groups 
observed by NMR is completely consistent with the thermodynamic results of Privalov and 
Makhatadze (Makhatdze and Privalov, 1993; Privalov and Makhatadze, 1993), who 
showed that the hydration of methyl groups is associated with a large negative entropy 
( - 40.3 J. tool- 1. K-  1 ), a negative enthalpy ( -  8.28 kJ. tool- 1) and only a small positive 
Gibbs free energy (3.72 kJ. mol-1). Indeed, the entropy of hydration of methyl groups is 
comparable to that of polar groups (-41 to - 5 0  J. tool -1' K- l ) ,  indicating that their 
ordering power for water is comparable. 

All methyl groups that are in close proximity to the phosphodiester backbone but do not 
interact with the bases, are also associated with bound water molecules. In these cases, it is 
clear that the water is stabilized by hydrogen bonding interactions with either the phosphate 
group or the 05' and 03' oxygen atoms. Interestingly, similarly located water molecules 
have also been observed in crystal structure of DNA-protein complexes (Aggarwal et al., 
1988; Hegde et al., 1992). The results on the specific complex of GATA-! with DNA indicate 
the presence of a cluster of water molecules in the vicinity of the sugar-phosphate backbone 
of T22, T23, A24 and T25. It is important to note, however, that these interactions do not 
confer specificity. In the minor groove there is a bound water molecule(s) between the C~H3 
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of Met 46, the sugar ofT22 and the phosphate ofT23. In the major groove 4 clusters of bound 
water molecules are observed: namely between the C~1H3 methyl group of Leu 37 and the 
sugar and phosphate of T22; between the CalH3 of Leu 37, the backbone NH protons of 
Tyr 34 and Tyr 35, and the phosphate of T23; between the methyl group of Ala 3°, the NH 
proton of Ala 3° and the phosphate of A24; and finally between the C~'H3 and C~H3 methyl 
groups of Ile 51, the sugar of A24 and the phosphate of T25. In all likelihood, the water 
molecule(s) associated with the NH protons Tyr 34 and Tyr 35, and with the NH proton of 
Ala 3°, participate in bridging hydrogen bonds between the relevant amide group of the 
protein and the sugar-phosphate backbone of the DNA. 

In contrast to the above methyl groups, no NOE/ROEs to water were observed for either 
of the two Leu33 methyl groups or the C~1H3 methyl group of Leu ~, all of which are 
involved in hydrophobic interactions with the bases (Omichinski et al., 1993). Thus, this 
indicates that water is excluded from the interface between the protein and the DNA bases in 
the major groove. In addition, complementary conventional 2D tH-1H NOE experiments 
with 12 C filtering failed to detect any bound water close to the thymine methyl groups of the 
DNA, providing further evidence for the exclusion of water at the interface of the protein and 
the DNA bases. The absence of water at the interface between the protein and the DNA bases 
in the major groove lends further credence to the importance of hydrophobic interactions in 
stabilizing the specific interaction between chicken GATA-1 and DNA and indicates that 
hydrophobic interactions can play an important role in protein-DNA recognition and 
specificity. 

VI. CONCLUDING REMARKS 

From the examples presented in this review it should be clear that the recent development 
of a whole range of highly sensitive multi-dimensional heteronuclear-edited and -filtered 
NMR experiments has revolutionized the field of protein structure determination by NMR. 
Proteins and protein complexes in the 15-25 kDa range are now amenable to detailed 
structure analysis in solution. Moreover, the potential of the current methods can probably 
be extended to systems even up to 40 kDa providing that they are very well behaved from an 
NMR perspective. Nevertheless, despite these advances, it should always be borne in mind 
that there are a number of key requirements that have to be satisfied to permit a successful 
structure determination of larger proteins and protein complexes by NMR. The protein in 
hand must be soluble and should not aggregate up to concentrations of about 1 mM, it must 
be stable at room temperature or slightly higher for many weeks, it should not exhibit 
significant conformational heterogeneity that could result in extensive line broadening, and 
finally it must be amenable to uniform ~SN and 13C labeling. At the present time there are 
only a few examples in the literature of proteins in the 15-25 kDa range that have been solved 
by multi-dimensional heteronuclear NMR spectroscopy. In addition to the three examples 
presented here, only the structures of interleukin-4 (Powers et al., 1992, 1993; Smith et al., 
1992), glucose permease IIA l-Fairbrother et al., 1991) and the complex of cyclophilin with 
cyclosporin (Theriault et al., 1993) have been published. It is hoped that over the next few 
years, the widespread use of these multi-dimensional heteronuclear experiments coupled 
with semi-automated assignment procedures will result in many more NMR structures of 
such larger proteins and protein-ligand complexes. 
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